Normal and neoplastic growth of the prostate gland are dependent on androgen receptor (AR) expression and function. Androgenic activation of the AR, in association with its coregulatory factors, is the classical pathway that leads to transcriptional activity of AR target genes. Alternatively, cytoplasmic signaling crosstalk of AR by growth factors, neurotrophic peptides, cytokines or nonandrogenic hormones may have important roles in prostate carcinogenesis and in metastatic or androgen-independent (AI) progression of the disease. In addition, cross-modulation by various nuclear transcription factors acting through basal transcriptional machinery could positively or negatively affect the AR or AR target genes expression and activity. Androgen ablation leads to an initial favorable response in a significant number of patients; however, almost invariably patients relapse with an aggressive form of the disease known as castration-resistant or hormone-refractory prostate cancer (PCa). Understanding critical molecular events that lead PCa cells to resist androgen-deprivation therapy is essential in developing successful treatments for hormone-refractory disease. In a significant number of hormone-refractory patients, the AR is overexpressed, mutated or genomically amplified. These genetic alterations maintain an active presence for a highly sensitive AR, which is responsive to androgens, antiandrogens or nonandrogenic hormones and collectively confer a selective growth advantage to PCa cells. This review provides a brief synopsis of the AR structure, AR coregulators, posttranslational modifications of AR, duality of AR function in prostate epithelial and stromal cells, AR-dependent signaling, genetic changes in the form of somatic and germline mutations and their known functional significance in PCa cells and tissues.
various stages of prostate carcinogenesis from the very early stage of prostate intraepithelial neoplasia to organ-confined or locally invasive primary tumors, in metastatic tumor and before or after androgendeprivation therapy (ADT) [1] [2] [3] [4] [5] . When activated by the endogenous androgenic ligands, testosterone (T) and dihydrotestosterone (DHT), AR becomes phosphorylated and the ligand-receptor complex translocates into the nucleus, and in association with coregulatory factors, binds to specific genomic DNA (gDNA) sequences in the regulatory regions of AR target genes.
More than 60 years ago, Huggins and Hodges [6] showed the effectiveness of surgical castration in men
Introduction
Androgen receptor (AR) has a central role in the normal growth and development of the prostate gland, in prostate carcinogenesis and androgen-dependent (AD) or androgen-independent (AI) progression of the disease. Functional AR is expressed during 640 npg with prostate cancer (PCa). Since that time, hormonal therapy remains as the most effective and widely used palliative method for advanced and/or metastatic PCa. This method leads to a biochemical response in the majority of patients for up to 3 years, but eventually and almost exclusively during therapy, an incurable highly aggressive AI-or hormone-refractory disease will emerge [7, 8] . Understanding the molecular events leading to AI progression of PCa is essential for the development of therapeutic strategies aimed at preventing the AR-dependent signaling.
In spite of the maximum androgen blockade, in hormone-refractory PCa (HRPCa) patients, expression of AR target genes such as prostate-specific antigen (PSA) remains persistently high [9] [10] [11] . Although the exact molecular mechanism(s) responsible for the development of AI-PCa are not understood, available data support the significance of the physical presence and activity of AR. In a relatively large number of AIPCa patients, AR is expressed, overexpressed, mutated or amplified [12, 13] . In addition, several interesting studies provide evidence for AR-dependent and AIsignaling pathways activated by cytokines (for example, interleukin 6 [IL-6], IL-4), polypeptide growth factors (for example, epidermal growth factor [EGF], insulin-like growth factor [IGF-I]), neuropeptides (for example, bombesin), nonandrogenic steroid hormones, antiandrogens (for example, Flutamide) or other trophic agents [14, 15] . These nonandrogenic factors can regulate AR expression and/or activity through establishment of downstream cytoplasmic signaling crosstalk or cross-modulation by other transcription factors [11, 15, 16] . The net effect of these events could potentially contribute to AI progression of PCa.
Aberrant AR activation in AI-PCa, also could be due to genetic changes in the form of somatic or germline mutations and genomic amplification. These genetic changes lead to AR overexpression, hypersensitive AR resulting from point mutations and promiscuous mutant AR proteins activated by nonandrogenic ligands or growth modulators. Collectively, advanced PCa will acquire the phenotype of oncogenic addiction to AR and continue to grow and resist available therapeutic regimens. This review summarizes the AR structure, AR-dependent cytoplasmic signaling crosstalk and cross-modulation by transcription factors and the most important genetic changes and their functional significance in PCa cells and tissues.
AR structure and signaling

AR structure
The AR is a nuclear transcription factor and a member of the steroid hormone receptor superfamily of genes, which includes but is not limited to the receptors for estrogen, progesterone, glucocorticoids, mineralocorticoids, vitamin D, retinoic acid and retinoid X. With the exception of the spleen, the AR is abundantly expressed in neuroendocrine and musculoskeletal tissues and the male genitourinary system [17] . The AR gene is located on the X-chromosome at position Xq11-12 and spans ∼90 kb containing eight exons that code for a ∼2 757 bp open reading frame and ∼919 amino acids within a 10.6 kb mRNA. AR expression is expressed in two isoforms: the predominant isoform B with 110 kDa mass and the less dominant isoform A with ∼80 kDa [18, 19] . In addition to these two isoforms, a recent report described additional novel AR splice variants designated as AR3, AR4 and AR5 in androgen-insensitive PCa cell lines (see reference [20] for detailed description). The genomic structure of AR has been highly conserved throughout mammalian evolution. Similar to many other steroid receptors, the AR consists of distinct functional motifs organized as the amino-terminal domain (NTD; 555 amino acids coded by exon 1), DNAbinding domain (DBD; 68-amino acid coded by exon 2 and 3), ligand-binding domain (LBD; 295 amino acids coded by exons 4-8), nuclear localization (amino acid 628-657) and AF-1, AF-5 and AF-2 transactivation units encoded by exon 1 and 8 ( Figure 1) . A hinge region separates LBD from DBD. On the contrary to the very high evolutionary conservation for LBD, DBD and the N-terminal of the hinge fragment, the most variable region is the NTD sequence. This domain is encoded by several regions of highly repetitive DNA sequences, such as CAG and GGC repeats. Similar to other nuclear receptors, the DBD region of AR contains nine cysteines, of which eight are linked to two zinc ions, and through the sulfohydryl groups they are organized in two zinc finger domains (Figure 1) . The AR-DNA recognition specificity is determined by the first zinc finger and stabilization of the DNA-receptor complex, and receptor dimerization is determined by the second zinc finger.
AR coregulators
After the discovery of first steroid receptor coactivator (SRC-1), over 170 potential AR coregulators have been identified [21] . This growing list of coregulators npg has been functionally classified as coactivators or corepressors, or, on the basis of their best recognized primary function, as components of the chromatin remodeling complex, as histone modifiers such as acetyl-transferases and deacetylases, methyltransferases or demethylases, as components of the ubiquitination and proteasomal pathways, as components of the sumoylation pathway, as proteins involved in endocytosis, DNA repair system, splicing and RNA metabolism, or as chaperones and cochaperones, cytoskeletal proteins, signal integrators, transducers, scaffolds and adaptors, or cell cycle or apoptosis regulators [22] . On activation by ligand and nuclear translocation, AR binds to the androgen-response elements (AREs) that may also involve or recruit coregulators to assemble a functional transcriptional complex regulating AR target gene transcription. Changes in the relative expression of AR coregulators have been found to occur with PCa progression. In addition, AR coregulators may at least partially contribute to differences in AR ligand specificity or its transcriptional activity [23, 24] .
It has been shown that the expression of SRC-1, TIF-2 and SRC-3, the three members of the SRC or p160 family of coactivators, is increased in PCa [23, 25] . SRC-1 expression is increased in 50% of AD-PCa samples, as compared with the benign or normal prostate tissues [26] . However, SRC-1 and TIF-2 expression are increased in 63% of HRPCa [26] . In another study, an increased expression of SRC-3 was associated with increased PCa grade and stage and decreased diseasefree survival [27] . The AR coactivator ARA70 is also overexpressed in PCa samples [28] and after castration in the hormone-refractory CWR22 xenografts [29] . The Cdc25B (cdk-activating phosphatase) was also identified as an AR coactivator, and found not only to be overexpressed in PCa but also with the highest expression in advanced-stage tumors with high Gleason score [30] . The AR coactivator, Tat interactive protein, 60 kDa (Tip60), was found to be overexpressed on androgen deprivation in the LNCaP cells and CWR22 tumor xenograft [31] . Overall, these studies npg support that PCa is associated with overexpression of multiple AR coactivators and may contribute to PCa progression. Taking into consideration of the simultaneous involvement of multiple coregulators and their overlapping interaction, additional translational studies are required to determine the contribution of AR coregulators in prostate carcinogenesis and PCa progression in experimental settings (see reference [22] for a comprehensive review on AR coregulators).
Posttranslational modifications of AR
Steroid receptors can be modified by a variety of posttranslational modifications such as phosphorylation, acetylation, ubiquitinylation and sumoylation. These changes have the potential to affect the receptor stability, subcellular localization, interaction with other proteins within the transcription machinery complex or activity in a cell type-or gene-specific manner. Interestingly, the net effect of AR activity could be affected by crosstalk among different types of posttranslational modifications such as acetylaton and phosphorylation [32] . It is noteworthy that the consequences of posttranslational modifications of AR in prostate carcinogenesis and progression remain to be understood.
AR phosphorylation and dephosphorylation
AR is a nuclear phosphoprotein/transcription factor and in order to exert its transcriptional role after synthesis, it should translocate to the nucleus and remain at a hyperphosphorylated level [15, 33, 34] . Constitutive AR phosphorylation at serine 94 and ligand-induced phosphorylation are reported for serines 16, 81, 256, 309, 424 and 650 [33, 35] . In addition, mitogen-activated protein kinases (MAPK) and phosphatidyl inositol-3 kinase/Akt (PI3K/Akt), as the two very important coresignal transduction pathways, are also able to induce AR phosphorylation. On the contrary, AR dephosphorylation will be associated with loss of AR transcriptional activity and inability for nuclear translocation. Protein phosphatase 2A can dephosphorylate AR at NTD, which leads to loss of AR activity [36] .
AR acetylation
Protein acetylation has a central regulatory role in transcriptional activity of genes. Activity of transcription factors can be also regulated by acetylation. For AR, the KXKK motif of the hinge region is the site of acetylation [37] . Lysine to alanine mutation of the KXKK motif significantly reduces AR activity by dysregulation of stimulation of coactivators in favor of the N-CoR corepressor [38] .
In addition, mutations that mimic acetylation increase AR-target gene expression and PCa cell proliferation [39] . A clear example of the crosstalk between acetylation and phosphorylation is provided by the facts that AR acetylation mutants present with decreased phosphorylation and the finding that AR (S94A) phosphorylation mutant is less responsive to p300 stimulation [38] . Another report showed that histone deacetylase inhibitors increase AR activity level without affecting its subcellular localization [40] .
AR ubiquitylation
AR turnover is not fully understood. Timely degradation of transcription factors is necessary as a control step to sustain transcriptional activity or eliminate it by rapidly degrading the protein. Similar to many other proteins, steroid receptors are also subjected to ubiquitylation. It has been shown that the E3 ubiquitin ligase Mdm2, which promotes p o l y u b i q u i t y l a t i o n o f A R a n d i t s p r o t e as omal degradation, recognizes Akt-dependent phosphorylated serine [41] . In addition, it has been shown that by recruiting the histone deacetylase, Mdm2/AR complex decreases AR-dependent transcriptional activity [42] . On the contrary, it was shown that inhibition of ubiquitylation process and proteasomal degradation of AR by a protease, USP10, functions as an AR coactivator [43] .
AR sumoylation
This type of posttranslational modification usually affects a small portion of a given protein and leads to covalent binding of a small ubiquitin-like modifier chain on lysine residues embedded in the consensus ΨKxE motif. Sumoylation can affect at different levels such as subcellular localization and DNA binding. There is also a possibility for crosstalk between sumoylation and MAP kinase phosphorylation of AR [44] . Sumoylation of AR is hormone dependent and its effect is mainly repressive, but still context dependent. Unlike ubiquitination, sumoylation does not promote protein degradation. In some instances, sumoylation competes with ubquitylation on the lysine residues and functions as an ubiquitin [45] . ARs are sumoylated at lysine 386 and 520 in vivo and mutation of these residues increases AR transactivation, that suggests a role for sumoylation in suppressing AR activity [46] . 
AR and cytoplasmic signaling crosstalk
The growth-promoting effects of androgens are mediated mostly through the AR. Although PCa is heterogeneous in its etiology and progression, androgen signaling through the AR seems to be involved in all aspects of the disease. The binding of the androgen-AR complex to AREs involves recruiting coactivators and corepressors to regulate transcription of androgentargeted genes such as PSA. Various members of the steroid receptor superfamily can recognize the same ARE. However, each receptor activates tissuespecific target genes under specific physiological conditions. This receptor-specific tissue response is due to a complex DNA-protein and protein-protein interplay among nonreceptor corregulatory fractors and/or cis-regulatory sequences. After the binding of native ligands, T and DHT, to the AR and in association with coregulators, the AR will be phosphorylated and translocated to the nucleus, and binds to AREs of the AR target gene promoters that induce their transcriptional activities. Although androgens are important in the maintenance of normal prostate homeostasis, complex interactions between peptide growth factors and other growth modulators regulated either by androgens or by other factors are also required. The transcriptional activity of the AR is important in prostate development, as well as in PCa progression. Androgen binding is the most important stimulus to the AR activity; thus, the PCa hormonal therapy aims to abolish this stimulus. Although hormonal therapy is partly effective, other factors can influence downstream AR-mediated transcription activity. Whether at the level of the AR activation, downstream cytoplasmic signaling crosstalk or nuclear protein cross-modulation, the net effect in patients who have undergone androgen ablation and who have relapsed, is the retention of some androgen-regulated gene activity.
Therefore, it is not surprising that much research into signaling and AR biology in the prostate is directed at addressing this issue. Blockade of peptide growth (trophic) factors or their receptors or the blocking of mutated ARs that are capable of responding to various stimuli may prove effective, and modulation of intermediate signaling factors such as MAPKs or coactivators may allow the suppression of multiple pathways to common DNA targets.
AR transactivation leading to increased endogenous expression of the androgen-responsive PSA gene has also been reported for growth factors such as EGF, IGF-I, KGF and cytokine IL-6 or through an AI receptor system such as Her2/Neu [11, 14, [47] [48] [49] [50] . As AR phosphorylation by itself is not enough to form a functional transcriptional unit, it is also possible that nongenomic signaling may regulate the expression or activity of the AR coregulators along with the AR and, thus, lead to the activation of AR target genes in a ligand-independent manner. Several studies have indicated AR as a common target of MAPK, Akt/protein kinase B (PKB), protein kinase A (PKA) or protein kinase C (PKC) [11, 15, 51, 52] (Figure 2 ). Among these targets, MAPKs present a point of convergence for various signaling pathways. Signaling crosstalk and cross-modulation between the AR and other transcription factors could be responsible for sustained transactivation of androgen-responsive genes. It has been shown that, depending on the upstream ARactivator, the stoichiometry of phosphorylation in the AR is different among various amino acid residues. For example, in response to DHT, a majority (> 50%) of the AR populations are phosphorylated at Ser-81 [33] . The AR function can also be regulated by the Her2/Neu receptor. In LNCaP cells transfected with Her2/Neu, PSA promoter was activated in the absence of androgens but the presence of a functional AR [49] . Additional studies showed Her2/Neu activation of the AR through MAPK signaling pathway, and also that this activation was abolished by MAPK inhibitors [53] . Studies have also led to the hypothesis that AR might be a direct target of Akt/PKB and signal transduction from PI3K/Akt pathway may provide a molecular basis for signaling crosstalk between AR and Akt/PKB [54] .
G-protein-coupled receptors serve as the major receptor family for neuropeptides, neurotransmitters and other bioactive peptides [55] . G-proteins share a common pathway for a multiplicity of neurotransmitter receptor functions and have an important role in the regulation of postreceptor levels including the activation of a variety of enzymes, that is, adenylyl cyclase and phospholipase C, which then regulate cell function through the production of second messengers. These second messengers include cyclic AMP (cAMP), diacylglycerol and inositol polyphosphates among others. Then, these molecules will activate the MAPK signaling pathway and several related protein kinases such as PKA that lead to the phosphorylation of various membrane and cytosolic proteins and to the regulation of gene expression by activating a variety of transcription factors [56, 57] . In addition, PKA npg pathway activation leads to phosphorylation of the nuclear transcription factor, cAMP response element (CRE)-binding protein (CREB) at Ser 133. The CREB binds the CRE of its target genes. It has also been shown that CREB-binding protein (CBP) enhances AR-dependent transcription and this AR coactivator integrates androgen-mediated and other signaling pathways [58] . In addition, in androgen-sensitive LNCaP cells, a putative AR-CRE site forms specific and competable protein interactions with CREB [59, 60] .
AR cross-modulation by nuclear transcription factors
A network of AR-targeted genes is likely to have a role in driving the growth of AI-PCa potentially through alternative AR activation pathways. Androgen impacts almost every organ in the body and can induce the expression of many genes [23, 61] . However, AREs were identified in only a few gene promoters. Transcription factors are known as constitutive proteins that turn-on or turn-off transcriptional activity of genes. Therefore, they are responsible for bridging various signaling pathways. Cross-modulation among various nuclear transcription factors exists. There are several examples that show that nuclear transcription factors' cross-modulation could also be responsible for the alteration in AR transcriptional activity or androgen target genes expression. It has been shown that androgen induces some of its target genes activity through the other non-ARE consensus sequences including, but not limited to, c-fos, c-Jun, AP-1, SP1, NFκ B, GATA, Oct-1 and SRY .
c-Fos and c-Jun are ubiquitous transcription factors that are expressed in many different tissues including the prostate. Using HeLa and CV-1 cell lines, Shemshedini et al. [62] have investigated the effect of these transcription factors on transcriptional activity of nuclear steroid receptors including AR. In summary, they have . Androgen receptor (AR)-mediated cytoplasmic and nuclear signaling pathways. This diagram simplifies the interactions between the growth factor, cytokines and neuroactive peptides with their cognate receptors that lead to the activation of cytoplasmic kinases (for example, PKA, PI3K) and second messengers (that is, cAMP) and their downstream signaling effectors. Similar to steroid molecules and some antiandrogens, the net effect is the nuclear translocation of phosphorylated AR. Most of these pathways are interactive and converge. In addition to cytoplasmic signaling crosstalk, several nuclear transcription factors interacting with each other might serve as positive or negative regulatory agents affecting AR binding and the activity of AR target genes. In addition, several coactivators and corepressors are closely involved for the proper assembly of basal transcription machinery complex regulating the AR activity. As coactivator, CBP/p300 bridges AR-mediated signaling with signaling pathways activated by other growth modulators. P, phosporylation; PI3K, phosphatidyl inositol-3 kinase; IL-6R, interleukin-6 receptor; MAPK, mitogen-activated protein kinase; PKA, protein kinase A; MEK1/2, MAPK/ERK kinases; ARE, androgen-response element; PSA, prostate-specific antigen; CRE, cAMP response element; CREB, cAMP response element-binding protein; CBP, CREB-binding protein.
npg shown that c-Fos and c-Jun have different effects on the same steroid receptors in a cell type-and promoterspecific manner; c-Fos can inhibit and c-Jun can prevent or increase receptor-induced transcriptional activity [62] .
AP-1, a protein complex whose components are nuclear proteins encoded by c-fos and c-jun protooncogenes, has been implicated in cell growth, differentiation and development. AP-1 activity is modulated by growth factors, cytokines, oncogenes and tumor promoters such as PKC [84] . Crosstalk between AP-1 and signal transduction pathways of nuclear receptors has been reported for the glucocorticoid receptor (GR), retinoic acid receptor, estrogen receptor, vitamin D3 receptor and thyroid hormone receptor [79-81, 85, 86] . It has been shown that 12-O-tetradecanolylphorbol-13-acetate, which can increase AP-1 levels, could prevent androgen-induced PSA expression in LNCaP cells [63] . Interactions between the AR and AP-1 seems to involve numerous mechanisms including: (1) overlap of the DNA-binding site of the AR with AP-1; (2) a composite DNA-binding site to which both the nuclear receptor and AP-1 bind; and (3) possibly sequestering of a common coactivator such as the CBP [78, 82] . In addition, the interaction between nuclear receptors and AP-1 may be also genespecific, cell-specific and dependant on endogenous levels and/or ratios of Jun to Fos and/or the composition of the AP-1 dimers [62, 83] . The link between the AP-1 and AR signaling pathway may also regulate the androgen-responsive PSA gene.
The Sp multigene family includes Sp1 and three other genes encoding the Sp2, Sp3 and Sp4 proteins. The consensus binding sequences of these proteins are very similar [76, 87] . It has been shown that an Sp1-binding site within the AR core promoter region may have an important role for the basal activity of the AR promoter [75, 77] . Recent evidence shows that Sp1, in cooperation with many other factors, can mediate inducible regulation of many genes and it is also involved in the expression of genes related to cell proliferation [88, 89] . The presence of an Sp1-binding site in the AR gene promoter is an important regulatory element for its expression, and the expression of the two transcription factors (AR and Sp1) can be affected by the same effectors and thereby affect the expression or activity of their downstream target genes (for example, PSA).
NFκB/RelA (p65) is one of the two major members of NFκB family of transcription factors. p65-NFκB is a ubiquitous transcription factor that has a critical role in antiinflammatory responses and programmed-cell death (apoptosis). Palvimo et al. [64] , have examined the cross-modulation between NFκB and AR by using the Cos-1 cell line and transient transfection assays with androgen-and NFκB-regulated gene. In Cos-1 cells, increased expression of p65-NFκB suppressed ARmediated transactivation in a dose-dependent manner. On the contrary, p65-NFκB transcriptional activity can be inhibited by the AR and the presence of androgens [64] .
The GATA transcription factor family consists of six homologous members containing two highly conserved zinc finger DBDs that recognize the consensus sequence (T/A)GAT(T/A)(A/G) [65, 66] . The expression of GATA-2 and -6 in LNCaP, GATA-3 and -6 in PC-3, GATA-2 in DU-145 cells and GATA-2 and -3 in mouse and human normal and malignant prostates has been reported [67] . In addition, six GATA sites, which flank the ARE-III in the far upstream PSA enhancer, are required for optimal PSA expression and stimulation by androgen [68, [90] [91] [92] .
The ubiquitous octamer transcription factor-1 (Oct-1) is a compelling candidate for corregulation with AR [69, 70] , in part because Oct-1 interacts in numerous and different manners with GRs. In addition, Oct-1 is also involved in the regulation of a wide variety of genes [93] . Previous studies have shown that Oct-1 can interact positively or negatively with several nuclear receptors and in a promoter-specific manner. For example, with the mouse mammary tumor virus and gonadotropin-releasing hormone promoters [71, 94] , binding of both GR and Oct-1 is required for transactivation. Studies have also shown that the AR interacts physically and functionally with Oct-1 in a DNA-dependent manner [69, 70] .
The SRY transcription factor is expressed in the human embryonic urogenital sinus, in adult tissues including adult testis and prostate epithelium, as well as in PCa cell lines [72, 73, 95] . LNCaP cotransfection experiments with AR and SRY expression vectors and a luciferase reporter gene showed that the strong stimulation of PSA by AR in the presence of DHT was markedly repressed when cells were cotransfected with SRY [74] . The SRY repression of the AR transcriptional activity does not require SRY binding to consensus cis-elements. This study also showed that interaction between SRY and the AR was mediated by their respective DBDs and that resulted in the repression of ligand-stimulated AR transcriptional activity on a series of AR target genes. 
Duality of AR function in prostate epithelial and stromal cells and HRPCa
Normal and neoplastic growth and progression of prostate gland is AR dependent. This fact serves and remains as the basis for ADT. Surgical or chemical castration initially result in a satisfactory treatment response rate in up to 80% of patients [96] for up to 2 years, but eventually fails, and PCa progresses to AI-or hormone-refractory incurable state with longdistant metastasis and significant decline of quality of life with the associated side-effects due to male hormone deprivation [97, 98] . It is also known that AR expression and function are not lost in ADT.
Several studies have provided evidence that androgen replacement therapy (ART) of a selected group of patients who have undergone chemical or surgical castration improved the quality of life, with some biochemical improvement and little or no adverse effect on disease progression [99] [100] [101] [102] . The combination of available clinical data on ADT and ART has provided the basis to support a hypothesis for dual personality of AR and postreceptor signaling that is not only dependent on prostate cells (epithelial versus mesenchymal) but also could be patient specific. Interestingly, this wellrationalized hypothesis is supported by studies on tumor-sublines coexisted and isolated from a primary PCa that showed differential response to androgen-AR signals after their orthotopic xenograft establishment in androgen-supplemented versus castrated nonobese diabetic/severe combined immunodeficient (Nod/ SCID) mice [103] . Additional support for celldependent differential androgen-AR signaling was provided by selective knockdown of AR in epithelial and stromal cells of the prostate followed by orthotopic implantation of PCa cell lines with AR overexpression or knockdown. These studies led to very interesting conclusions that AR expression in stromal cells serves as a promoter of PCa growth and metastasis, a survival factor for PCa epithelial luminal cells and as a suppressor for PCa basal intermediate cell growth and metastasis [103] .
Genetic alterations in AR
AR expression can be heterogeneous in PCa, which may reflect genetic instability (for example, mutation) at different stages of the disease and might serve as a prerequisite event for disease aggressiveness. Structural and functional AR abnormalities could explain why PCa cells resist hormonal ablation and grow in an androgendepleted environment. On the basis of the nature of genetic changes, several mechanisms simultaneously may contribute to the loss of androgen dependence. In addition to cytoplasmic signaling crosstalk and cross-modulation by various transcription factors, AI progression of PCa may result from genetic changes in the AR.
Genetic alterations of the AR have been proposed for metastatic or AI progression of PCa including: (1) genomic amplification of AR, (2) hypersensitive AR resulting from point mutations, (3) promiscuous mutant AR protein activated by nonandrogenic ligands and (4) AR-polymorphisms changing the response to androgen (for example, poly-CAG repeat) [104] .
Somatic mutations of AR in PCa
A major advancement of genetic research in recent years has been the explosion of genome-wide association studies in the literature from different investigators and laboratories [105] . The completion of the reference human genome sequence and its subsequent comparison across different human sub-populations, has identified millions of genetic polymorphisms that differ between different individuals, families and ethnic groups [70] . Somatic genetic alterations can cause differences in histopathology, gene expression and gene amplifications and deletions. The interaction between germline genetic variations (for example, single-nucleotide polymorphisms (SNPs), copy number variants, mini and microsatellites) and somatic alterations can influence the clinical outcome of cancer.
Several studies in Caucasian patients have addressed the frequency of AR mutations in primary organconfined, advanced or metastatic tumors before and after hormonal therapy and their disease relevance [106] .
The AR gene is the most mutated type of the steroid receptor. So far, more than 660 mutations of AR have been reported, most of which led to different nonmalignant clinical categories of androgeninsensitivity syndrome [21] . Overall, AR mutations in Caucasian patients are rarely found in untreated localized PCa (< 2%), but are detected at a high frequency in hormone-refractory, androgen-ablated and metastatic tumors [21, 106] . The frequency of the AR mutation varies greatly among different studies, up to 25% in AD tumors and up to 50% in metastatic hormone-refractory tumors [21] . Such differences in the reported incidence of AR mutation might be attributed to variability in npg the analytical methodology for the detection of AR mutations, tissue sampling, clinicohistopathological history and the inherent heterogeneity of PCa. Importantly, there is the lack of comparable information in these studies regarding the African-American population ( Table 1) . The gain-of-function AR mutations in PCa is detected in different functional domains and rarely in 5'-and 3'-untranslated regions (UTRs) of the gene [21] . Most of these mutations are single base substitutions that directly or indirectly affect AR function ( Table 2) . About 49% of the mutations are located in the LBD, 37% at the NTD and 7% at DBD. 
Somatic AR mutation in in vitro and in vivo PCa model systems 3.2.1 Human PCa cell lines
The functional significance of the AR mutation in PCa is represented in the AD cell line, LNCaP, derived from a lymph node metastasis of a hormone-refractory patient [107] . In this cell line, the AR gene is mutated at codon 877 (Thr to Ala) of the LBD region [108, 109] . Because of this mutation, the growth of LNCaP is stimulated in vitro not only by androgens but also by nonandrogenic steroids (for example, estrogens, estradiol, progesterone) and antiandrogens (for example, flutamide) ( Table 3 ).
The 22RV1 cell line is an AI-PCa cell line. This cell line was established from CWR22R, a PCa xenograft that was serially inoculated in mice after castration-induced regression and relapse of parental, hormone-dependent CWR22 xeongraft [110] . An early report on this cell line showed the presence of AR mutation at codon H874 (His to Tyr), which is located slightly away from the steroid-binding pocket [111] . This cell line remains responsive to androgens and shows a weak growth response. AR relative binding to natural steroid hormones was estimated as DHT>T>estradiol>progesterone. It was shown that DHT and T upregulated several androgen-regulated genes within 48 h of treatment [111] . In addition to these findings, a recent report has also indicated the presence of a novel truncated AR mutant, few premRNA splicing variants and a mutant AR that lacks exon 3 tandem duplication in the 22RV1 cell line [112] .
The E006AA cell line was established from the prostate tissue of a 50-year-old African-American patient who underwent a bilateral radical retropubic prostatectomy for clinically localized PCa [113] . Clinical and histopathological examination revealed a PSA-positive tumor with Gleason 6 (3 + 3) and T 2a N 0 M 0 . Recent investigations have revealed that these cells have shown X-chromosome duplication, AR gene amplification and somatic S599G mutation located in the DBD [114, 115] . In addition, knocking down endogenous AR or the ectopic expression of wild-type AR did not affect E006AA cell proliferation [114] . Furthermore, E006AA cells were not responsive to androgens or antiandrogens. On the contrary to current Bone-met L701H LBD GCs
Abbreviations: AA, African American; AD, androgen dependent; AI, androgen independent; AR, androgen receptor; CA, Caucasian American; DBD, DNA-binding domain; DHT, dihydrotestosterone; GCs, glucocorticoids; HR, hormone refractory; HS, hormone sensitive; LBD, ligand-binding domain; LN, lymph node; met, metastasis. a In-frame tandem duplication of the exon 3 encoding the second zinc finger of the DBD.
npg belief about metastatic and/or hormone-refractory tumors, this cell line might represent an example for a group of PCa that presents with loss-of-function AR mutation (in terms of proliferative response to androgens) in hormone-naïve patients [114] . These findings may represent a new clinical entity in which aggressive hormonal or antiAR therapies might be ineffective. In addition, it might be an evidence for the presence of AR mutation from the very early stage of PCa. It remains to be understood whether such genetic alterations in AR represent a common phenomenon or that limited to PCa in the African-American population.
The MDA-PCa 2a and 2b cell lines were derived from a bone metastatic tumor after castration in an African-American patient. The AR in these cell lines presented with T877A and L701H mutations in LBD region [116] . The double mutant AR was found with (a) reduced affinity for androgens, (b) increased affinity for glucocorticoids and (c) synergistic enhancement for glucocorticoids [116] .
Spontaneous AR mutations in intact-and castrated-TRAMP mice
The transgenic adenocarcinoma of the mouse prostate (TRAMP), is a well-known autochthonous animal model of PCa that was developed in an effort to examine the critical events in the progression of this disease [117, 118] . The TRAMP model provides a better understanding of the natural, pathobiological history of PCa with respect to temporal changes in the AR gene. Using cDNA cloning of a single-stranded conformational polymorphism, Han et al. [119] have shown the potential for occurrence of spontaneous somatic mutations in AR and the influence of hormonal deprivation on this phenotype in prostate tumors in TRAMP mice. In general, they discovered 15 somatic AR mutations in 8 TRAMP mice between 24 and 29 weeks of age. Nine of these mutations were discovered in prostate tumors of castrated mice and six in intact mice. All of these mutations were base substitutions (10 missense and five silent mutations). Interestingly, but not surprisingly, nine out of 15 mutations occurred in four mice castrated at 12 weeks of age and seven out of nine mutations were localized in the AR transactivation domain. However, the mutations in intact mice were localized at LBD of AR. In castrated mice, two had triple mutant and one double mutant, and only one mouse presented with a single mutation. This study clearly showed not only the high incidence of spontaneous AR mutations but also provided an independent proof of principle that changes in the hormonal environment serve as a major driving force for induction and/or selection of spontaneous somatic mutations that ultimately may provide a growth advantage to PCa cells.
Germline AR mutation and PCa
Germline variations may result in differences among individuals in drug metabolizing activities, cancer pathways and development of distinct molecular subtypes of cancer. Currently, the unequivocally identified risk factors for PCa are age, ethnic origin and a familial history of the disease. Familial types of PCa with at least two first-degree relatives affected account for 20% of cases. Hereditary transmission, compatible with Mendellian inheritance, accounts for 50% of cases. Most other familial forms and sporadic cases involve genetic factors, but in a polygenic or multifactorial mode of inheritance [120] . Genetic susceptibility seems to be more significant in younger patients (< 55 years old). Linkage analyses in families with hereditary PCa have identified several possible susceptibility or genetic predisposition loci suspected to harbor gene mutations conferring an increased PCa risk. These include highly penetrant susceptibility genes such as HPC1, HPC2 and CAPB [121] [122] [123] [124] . In addition, mutations in the BRCA1 and BRCA2 genes and polymorphic variants of candidate genes such as the 5α-reductase and vitamin D receptor have been suggested to influence the risk for PCa [125] [126] [127] [128] [129] .
Owing to the large size of the AR gene (∼90 kb), it has not yet been possible or practical to recognize regulatory variants from primary sequence data in largescale studies with sporadic or familial PCa. However, it has been shown that genomic changes in the AR exist in both noncoding and coding sequences in the form of polymorphism of homopolymeric CAG and GGC repeat lengths, SNPs (for example, rs192696, rs1926927), several silent mutations (for example, G>A, A>G, C>T, T>C) and missense mutations [129] [130] [131] .
Unlike somatic mutations, germline AR mutations are rarely identified. The R726L mutation was reported only in Finnish patients with sporadic or familial PCa [130, 132] . Additional reports include two unrelated PCa patients with G2T and C214A mutations within the 5'-UTR (noncoding) region of the AR [131] . One final report showed the AR-Q798E mutation in both PCa tissue and gDNA of a patient [133] .
Using exon-specific PCR, bi-directional automated npg sequencing and restriction enzyme genotyping, we evaluated the possibility of genomic changes in the AR in African Americans and Caucasian families with a history of familial PCa defined as equal or more than three patients with PCa [134] . We screened the AR coding region in 60 PCa cases from 15 AfricanAmerican and 15 Caucasian families with a history of familial PCa. In one of the African-American families, we identified a novel germline AR missense mutation (AR-A1675T [T559S]) in three siblings with early-onset PCa, referring to the X-linked transmission pattern (Figure 3 ). So far, this has been the first reported germline mutation of the AR in African Americans with a history of familial PCa. The alignment of amino acid sequences of the human AR before and after the AR-A1675T (T559S) position showed that the mutant amino acid is located in the N-terminal portion of the DBD that is highly conserved and showed 100% homology with mouse, rat and monkey. Our investigation of gDNA obtained from 150 normal unrelated individuals (75 African Americans and 75 Caucasians) from the same geographic location (that is, New Orleans, LA, USA) excluded the possibility for AR-A1675T as a polymorphic variant. The localization of the T559S mutation in the DBD makes it a likely candidate affecting the AR-binding affinity to its target genes or its response to androgens, nonandrogenic steroids or antiandrogens. Future large-scale studies using genome-wide association or expression array analysis may determine the genetic profiles or 'signatures' for population-attributable disease risk or aggressiveness for PCa.
Genomic amplification of AR in PCa
Amplification of the AR has been proposed as one of the mechanisms for AI progression of PCa after surgical or chemical castration. In most cases, it leads to an overexpression of the AR and hypersensitivity to androgenic ligands. The first evidence of a genomic amplification of the AR in clinical samples was presented by Visakorpi et al. [135] while searching for the commonly amplified genes in hormonerefractory tumors. They have discovered that the AR gene is amplified in 305 of hormone-refractory tumors after therapy. This observation was independently verified by several other investigators in hormonerefractory patients [12, [136] [137] [138] [139] [140] [141] [142] [143] [144] . It is not surprising that hormone-refractory patients with AR amplification respond at a higher rate to the second-line maximal androgen blockade, as compared with those without amplification [139] . Together, these findings may support the hypothesis that ADT through an unknown molecular mechanism induces genomic amplification of AR or select subgroup(s) of PCa cells with amplified Figure 3 . Germline AR-A1675T mutation in a prostate cancer patient from a high-risk African-American family. Polymerase chain reaction amplification of genomic DNA with androgen receptor (AR) exon-specific primers revealed the presence of a missense mutation (A>T), which resulted in Thr>Ser amino acid change at exon 2 of AR. A normal male with A-allele is presented as control. PCa, prostate cancer. npg AR from a heterogeneous tumor cell population.
So far, genomic amplification of the AR has been only reported in the E006AA cell line [115] . Using a GeneChip 500K single nucleotide polymorphic (SNP) array (Affymetrix) with an average resolution of ∼5.8 kb, AR amplification was observed in the E006AA cell line [115] . The gain of extra copies of the AR in the E006AA cells was further confirmed by fluorescent in situ hybridization in which metaphase analysis showed two copies of the X-centromere, consistent with the previously reported karyotype [115] . This unique combination of the S599G loss-of-function somatic mutation and genomic amplification of the AR in a PCa cell line derived from a hormonally naïve patient adds additional complexity to the role of the AR in PCa biology and might highlight an uninvestigated paradox in the clinical management of the disease.
Racial differences in AR expression in PCa
Limited information is available on race and AR expression in benign and malignant prostate tissues. When compared with Caucasians, African-American men are disproportionately and more frequently diagnosed with an earlier age of onset, higher tumor volume, more advanced (aggressive) tumor stage, higher Gleason scores and higher PSA levels [144] [145] [146] . Such differences may stem from differences in the androgen-AR axis. This led many investigators to study racial differences in serum androgens, polymorphisms of 5α-reductase and AR-trinucleotide CAG and GGC repeat lengths [120, [144] [145] [146] [147] [148] [149] . In one study, AR protein expression was analyzed in benign and malignant prostate tissues obtained from radical prostatectomy specimens of 25 African Americans and 25 Caucasians with localized PCa [148] . Visual scoring method suggested that AR immunostained more intensely in both malignant and benign prostate epithelial nuclei in African-American than in Caucasian samples. In addition, automated digital color video image analyses were used to measure the percentage of positive nuclei and the intensity of expression in each nucleus. In African Americans, when compared with Caucasians, malignant PCa cells were 27% more likely stained for AR (P = 0.005), and among immunopositive benign prostate cells, AR protein expression was 81% greater (P = 0.002) [148] . As indicated in Table 1 , with exception to one study including 12 HRPCa (Taplin et al. [170] ), all studies investigated Caucasians PCa. Taking into consideration the important role of the AR in prostate carcinogenesis and progression, comparable studies in African Americans are needed to determine the incidence of AR mutations, and the contribution of these mutations to PCa progression and aggressiveness and their clinical and histopathological significance in African Americans with PCa.
AR mutation and AR activity
Activation of mutant ARs by alternative steroids and/ or antiandrogens may provide a growth advantage to PCa cells expressing the mutant receptor. Determining the function of these mutant ARs is important for understanding their role in the progression of AD tumors and the development of AI-PCa. There may be a broad steroid specificity of the mutant AR compared with the wild-type receptor in the transactivation of the androgen-responsive genes. Mutations in the AR can alter either the hormone-binding affinity, transactivation specificity or both.
Functional analysis of the mutant AR in the past has shown that majority of the AR mutations are gain-of-function type and only a small number of mutations are loss-of-function type [21] . Gain-offunction mutations are expected to either increase the AR expression level, hypersensitize it to lower concentrations of DHT or make it responsive to other steroid hormones. Some of these gain-of-function mutations may show promiscuous activity, being transactivated by nonandrogens. Loss-of-function mutants would not be able to transactivate target genes in the presence of DHT. In addition, some mutant ARs might show weaker responses to androgens compared with the wild-type receptor. Nonandrogenic hormones such as progesterone might confer transactivation property to mutant ARs. Trans-activation function of mutant ARs may have a role in the progression of prostatic carcinoma, as it may still be functionally active in the androgen-ablated patient and responsive to other hormones such as dihydroepiandrosterone and androstenedione, which are accumulated in the prostatic tissue [149] . Mutant ARs might also be transactivated by nonsteroidal antiandrogen hydroxyl-flutamide (OH-F) or bicalutamide [150] .
Mutations in the AR can induce structural changes that might lead to an alteration in the hormone-binding and trans-activation specificities of the receptor. For example, the AR in the LNCaP cells has an increased npg binding affinity for estradiol, progesterone and OH-F [149, 150] . These substances also mediate transactivation by the mutant AR in the LNCaP cells. The functional activities of various steroidal and nonsteroidal compounds binding to the AR should not be judged by their affinity for the receptor, but rather by the conformational changes they introduce into the receptor molecule. A variety of methods and model systems have been used to investigate a functional significance of AR mutations in prostate and nonprostatic cells. PC-3 and COS-7 cells do not contain endogenous AR and have been used as a model cell line to determine hormone-binding and transcriptional activity of AR [120-132, 134, 135, 137, 138, 143-145, 147-156] . There might be some differences in the activity of exogenously added AR between the two cell types, one being from a monkey kidney fibroblast and the other from a human PCa cell line.
Colorimetric yeast reporter assay has been used to study transactivational activity of mutant AR. The yeast reporter assay is also an attractive, rapid, efficient and inexpensive model. Yeast assays present a well-defined genetic background and allow a highthroughput screening for AR mutations. As yeast does not have steroid receptors or most of their coregulators, it can provide the intrinsic activity of the mutated AR. This method has been successfully used to investigate steroid receptor function and for functional analyses of large numbers of AR mutations in PCa or other type of receptors in mammalian cell system [157] [158] [159] .
The activity of mutant ARs in the presence or absence of various treatment agents could also be determined by their state of phosphorylation or nuclear translocation using either the immunofluoresence staining with phospho-AR antibody or metabolic radiolabeling assays [160] [161] [162] .
Conclusions
AR remains one of the most import nuclear transcription factor from the steroid hormone receptor superfamily of genes. Normal prostate growth and development, prostate carcinogenesis and AI progression of PCa are dependent on AR expression and function. As a brief and oversimplified statement, the prostate gland at any state of normal or neoplastic growth is addicted to AR. Alterations in AR structure, expression and signaling could have a determining role in PCa progression toward an incurable AI state. These alterations could be secondary to somatic or germline mutations, presence or absence of nonandrogenic ligands, cytoplasmic signaling crosstalk with other kinases or cross-modulation by other nuclear transcription factors. This review provides a synopsis of the most common events, signaling and mutation that might change the benign or malignant state of the prostate. Although the focus of this review was prostate epithelial cells, we should emphasize that other cellular and acellular elements of the prostate microenvironment have important regulatory roles for AR expression and signaling. Future studies are still required to dissect AR biology, especially in HRPCa. It should be noted that the complex nature of PCa and its unique and inherent heterogeneity prevent us from predicting whether or not interference with the AR dependency of PCa can prove to be the final cure.
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